Dekaney CM, Gulati AS, Garrison AP, Helmrath MA, Henning SJ. Regeneration of intestinal stem/progenitor cells following doxorubicin treatment of mice. Am J Physiol Gastrointest Liver Physiol 297: G461-G470, 2009. First published July 9, 2009 doi:10.1152/ajpgi.90446.2008.-The intestinal epithelium is in a constant state of renewal. The rapid turnover of cells is fed by a hierarchy of transit amplifying and stem/progenitor cells destined to give rise to the four differentiated epithelial lineages of the small intestine. Doxorubicin (Dox) is a commonly used chemotherapeutic agent that preferentially induces apoptosis in the intestinal stem cell zone (SCZ). We hypothesized that Dox treatment would initially decrease "ϩ4" intestinal stem cell numbers with a subsequent expansion during mucosal repair. Temporal assessment following Dox treatment demonstrated rapid induction of apoptosis in the SCZ leading to a decrease in the number of intestinal stem/progenitor cells as determined by flow cytometry for CD45(Ϫ) SP cells, and immunohistochemistry of cells positive for putative ϩ4 stem cell markers ␤-cat Ser552 and DCAMKL1. Between 96 and 168 h postinjection, overall proliferation in the crypts increased concomitant with increases in both absolute and relative numbers of goblet, Paneth, and enteroendocrine cells. This regeneration phase was also associated with increases of CD45(Ϫ) SP cells, ␤-cat Ser552 -positive cells, crypt fission, and crypt number. We used Lgr5-lacZ mice to assess behavior of Lgr5-positive stem cells following Dox and found no change in this cell population. Lgr5 mRNA level was also measured and showed no change immediately after Dox but decreased during the regeneration phase. Together these data suggest that, following Dox-induced injury, expansion of intestinal stem cells occurs during mucosal repair. On the basis of available markers this expansion appears to be predominantly the ϩ4 stem cell population rather than those of the crypt base.
THE EPITHELIUM OF THE MAMMALIAN small intestine is in a constant state of renewal and is replenished every 3-4 days (24) . This rapid turnover of cells is fed by a hierarchy of proliferative or transit amplifying cells and progenitor cells destined to give rise to the four cell lineages found in the small intestine including absorptive, goblet, enteroendocrine, and Paneth cells (7) . However, the ultimate source of cells is intestinal stem cells (ISC), which are believed to reside in the epithelium in the lower regions of intestinal crypts (7, 32) . The current understanding is that two types of ISC populate the bottom of intestinal crypts (2, 37) . The first type, which have recently been designated as "crypt base columnar" (CBC) cells, reside among the Paneth cells at the very base of the crypt and are marked by expression of the orphan G protein-coupled receptor Lgr5. These cells are believed to be fast cycling (every 24 h) and resistant to irradiation. The second type, located above the Paneth cells (at approximately cell position 4), has been termed ϩ4 ISC. These cells are believed to cycle slowly or remain quiescent, to retain DNA labeling, and to be highly sensitive to irradiation (2, 37) .
Chemotherapeutic agents elicit their anticancer actions by targeting rapidly proliferating cell populations, inducing cell cycle arrest or apoptosis. The actions of these drugs are not tumor specific and are deleterious to normal cells of the intestinal epithelium. Chemotherapeutic-induced cytotoxicity within the gastrointestinal tract is manifested as mucositis, characterized by gross ulcerations of the intestinal mucosa. Several laboratories in the mid-1980s characterized the histological effects of a total of 18 cytotoxic agents on the intestinal mucosa and determined for each drug: 1) the time and dose effects on cell death, 2) the spatial position of target cells within the crypt axis, and 3) the ability of crypts to survive cytotoxic insult. These investigations demonstrated that damage is dose dependent and that cytotoxic agents can affect different regions of the intestinal crypt, altering the clonogenic and/or stem cell populations (21) . At moderate doses, damage to these populations of cells can result in a fall in the number of proliferative cells, which leads to a decrease in overall cell number and a reduction of villus height, thus compromising digestive and absorptive capacities. At higher doses there may be a breakdown of mucosal integrity that leads to systemic pathologies. Although these adverse effects of chemotherapeutic drugs are well recognized, scant attention has been given to the fact that the intestinal epithelium is remarkably resistant to chemical damage.
The earlier literature on radiation and cytotoxic damage to the intestinal epithelium indicated that within each crypt resides a three tier clonogenic cell hierarchy including 1) intestinal stem cells (ϳ4 -6 cells), which are highly chemo/radiation sensitive, 2) more damage-resistant immediate daughter cells (ϳ6 cells), and 3) even more resistant cells (ϳ26 cells) that can replace lost members of the other tiers (29) . This makes a total of ϳ36 clonogenic cells capable of maintaining crypt viability. Evidence from careful radiation dose-response studies suggests that only one clonogenic cell is needed to regenerate a crypt and to maintain appropriate crypt numbers by replacing lost crypts (29) . Cytotoxic damage kills numerous epithelial cells, thus reducing the size of villi and crypts. The clonogenic cells are called upon to replenish lost or damaged cells to maintain the integrity of the intestinal barrier. Remain-ing clonogenic cells rapidly divide, and their progeny migrate from the crypt to fill the need for new epithelium. In the case of crypt sterilization (i.e., ablation of all ability for clonogenic cells to rescue the crypt), expansion of intestinal stem cells in surviving crypts results in crypt fission or budding, leading to the creation of new crypts (29) .
Despite the broad general knowledge regarding epithelial regeneration following cytotoxic damage, there have been no direct assessments of the behavior of intestinal stem cells and their progeny during this process. Our primary hypothesis was that because doxorubicin (Dox) preferentially induces apoptosis between cell positions 3 and 6 (21), we would observe an initial decrease in ϩ4 ISC number with a subsequent increase during mucosal repair. Our secondary hypothesis was that, by analogy with the response of the intestinal epithelium to the challenge of surgical resection (11, 18) , there would be increased allocation to secretory lineages during the regeneration phase. We selected Dox as the cytotoxic agent because of its common use clinically as an antitumor drug and because its general effects on the intestinal epithelium in mouse models are well established (21) . In this study, we first detailed the histological changes that occur following Dox treatment, including changes in allocation of the goblet, enteroendocrine, and Paneth cell lineages. Using this timeline of damage and repair processes, we next evaluated the response of intestinal stem/progenitor cells to Dox-induced damage. To accomplish this, we used several hallmarks of changes in intestinal stem/ progenitor cell number as follows: 1) counting surviving crypts (19) , 2) scoring crypt fission (11), 3) sorting of CD45-negative side population (SP) cells (11, 12) , 4) immunohistochemical staining for the putative ϩ4 stem cell markers ␤-catenin Ser552 (16) and DCAMKL1 (25) , and 5) analysis of changes in expression of the putative CBC stem cell marker Lgr5 using both LacZ staining in Lgr5-lacZ mice and Lgr5 mRNA expression in wild-type mice (3).
MATERIALS AND METHODS
Animals and experimental procedures. Adult female C57Bl/6 mice were obtained from Charles River. They were housed in our animal facility under 12-h light-dark cycle and were allowed unlimited access to rodent Lab Chow (no. 5001, Purina Mills, St. Louis, MO) and acidified tap water. Experimental procedures were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine. Mice were given a single intraperitoneal (IP) injection of Dox (Pharmacia & Upjohn, Kalamazoo, MI) at a dose of 20 mg/kg body wt. This dose has previously been demonstrated to induce intestinal damage in mice (1, 2) . Animals were euthanized 6, 24, 48, 72, 96, 120, or 168 h after Dox treatment. Some animals were given an IP injection of 5Ј-bromo-2Ј-deoxyuridine (BrdU) and 5Ј-fluoro-2Ј-deoxyuridine (12 and 1.2 mg/g body wt, respectively) 2 h prior to euthanasia. In all cases, after euthanasia the small intestine was flushed with ice-cold PBS (pH 7.4) and a piece of middle jejunum was fixed in 10% PBS and embedded in paraffin. In some experiments, a portion of jejunum was collected for use in flow cytometry.
Histology. Formalin-fixed paraffin embedded specimens were oriented to provide sections perpendicular to the long axis of the bowel and 4-m sections were used for evaluating general morphology. Longitudinal sections of crypts or villi were selected for scoring on the basis that a single, continuous layer of epithelium followed from crypt base to villus base and from the crypt-villus junction to the villus tip, respectively. For all quantitative analyses, 20 crypts or villi per animal (n ϭ 6) were randomly selected and scored. For scoring cell position, each crypt was divided in half and cells were numbered sequentially from crypt base to crypt-villus junction, with cell position one being occupied by the first cell at the base of each half crypt, as per convention (21 (12) . When cells of bone marrow origin were removed by use of the pan-leukocyte marker CD45, the resulting CD45-negative SP cells were shown to be epithelial and enriched for expression of Msi1, CD133, FGFR3, and Notch1 (12, 15) . These findings, together with the fact that the SP fraction was shown localized to the base of intestinal crypts by in situ hybridization of enriched transcripts, led to the conclusion that the CD45(Ϫ) SP is enriched for intestinal epithelial stem/progenitor cells (15) . Subsequent studies have shown that the number of CD45(Ϫ) SP cells is a reasonable surrogate for the number of stem/progenitor cells (11) . In the present work, single mucosal cell suspensions were prepared from 5 cm of jejunum harvested at time 0 and at 24, 72, and 168 h after Dox treatment as previously described (12) . For these experiments, enzymatic digestion of tissue was performed for 20 min and mechanical disruption was carried out for 15 min. The time required to isolate viable single cells from the intestine and perform flow cytometry limited the number of animals that could be studied to five per day; therefore, groups of mice were harvested 24 h apart to maintain a minimum of n ϭ 5 per group studied. FACS analysis of CD45(Ϫ) SP cells was performed by using the Hoechst 33342 staining method reported by Dekaney et al. (12) . To control for any day-to-day variation in the SP gate setting, control animals were analyzed with each experiment. Thus the gate for the SP was set by using the control cells. The % SP for the treated groups was then determined based on that gate.
Immunohistochemistry. For BrdU staining, all slides were deparaffinized, rehydrated, and incubated in 3% hydrogen peroxide in methanol for 15 min at room temperature (RT) to quench endogenous peroxidase activity. Sections were boiled in citrate buffer (pH 6.0) for 25 min, allowed to cool for 10 min, and then denatured in 2 N HCl for 1 h at RT. Mouse anti-BrdU antibody (cat. no. MO744, Dako, Carpinteria, CA) was biotinylated and then applied to sections for 15 min at RT at a 1:100 dilution. Immunodetection was performed by using the Animal Research Kit (ARK, Dako, Carpinteria, CA) according to the manufacturer's directions. For all other immunostaining, slides were deparaffinized, rehydrated, and incubated in 3% hydrogen peroxide for 15 min at RT to quench endogenous peroxidase activity. Sections were boiled in citrate buffer (pH 6.0) for 25 min, allowed to cool to RT. Primary antibodies were applied to each section: 1) rabbit anti-lysozyme (cat. no. NCL-MURAM, Leica Microsystems, Bannockburn, IL) at 1:500 dilution, incubated for 1 h at RT; 2) rabbit anti-chromogranin A (cat. no. 20085, ImmunoStar Hudson, WI) at 1:4,000 dilution, incubated overnight at 4°C; 3) rabbit anti-cleaved caspase-3 (cat. no. 9661, Cell Signaling Technology, Danvers, MA) at 1:200 dilution, incubated for 1 h at RT; 4) rabbit anti-␤-catenin Ser552 (kindly provided by Dr. Linheng Li, Stowers Institute, Kansas City, MO) at 1:750 dilution, incubated overnight at 4°C; and 5) rabbit anti-DCAMKL1 (cat. no. AP7219b, Abgent, San Diego, CA) at 1:250 dilution for 1 h at RT. Sections were then washed and incubated with biotinylated goat anti-rabbit secondary antibody for 30 -60 min at RT. After washing, slides were incubated in Vectastain ABC reagent (Vector Laboratories, Burlingame, CA) for 30 min and then developed in a diaminobenzidine substrate solution.
␤-Galactosidase (LacZ) staining protocol. Adult heterozygous Lgr5-lacZ mice, obtained from Lexicon Pharmaceuticals (The Woodlands, TX), were treated with Dox as outlined above and euthanized at 0, 6, 24, and 168 h after treatment. Jejunal tissue was isolated, flushed with ice-cold PBS, and immediately frozen in optimal cutting temperature compound. Frozen sections were brought to RT, then fixed with 0.2% glutaraldehyde for 5 min and washed in PBS. Next, slides were incubated in X-gal staining solution [2 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 ⅐ 3H2O, 1 mg/ml X-gal, in PBS pH 8.0] at 30°C in the dark for ϳ16 h. Slides were washed in PBS, counterstained with Nuclear Fast Red, dehydrated, and coverslipped with DPX mounting solution.
Gene expression analysis. Total RNA was isolated from jejunal tissue by using the RNeasy Kit (Qiagen, Valencia, CA) according to the manufacturer's directions. Lack of contamination with genomic DNA was verified by running 1 g of total RNA on a 0.9% agarose gel, as well as by running a control without reverse transcription. Using the TaqMan One-Step RT-PCR Master Mix (Applied Biosystems, Foster City, CA) and Taqman Gene Expression assays for Lgr5 (Mm00438890_m1), 100 ng of total RNA was subjected to real-time RT-PCR. Relative changes in expression levels were calculated by the ⌬⌬C T method utilizing the 0 h total RNA as the baseline.
Statistical analysis. All quantitative results are presented as means Ϯ SE. For each animal the 10 observed crypt or villus counts were averaged. All data were subjected to one-way ANOVA with correction for multiple comparisons by the Fisher's procedure. For all comparison, a P value of Ͻ0.05 was considered significant.
RESULTS

Doxorubicin induces changes in mucosal morphology.
Evaluation of H&E-stained sections revealed changes to the mucosal architecture in response to Dox treatment (Fig. 1) . Grossly, very little damage was observed by 6 h postinjection. By 72 h, there was noticeable crypt degeneration. By 96 h villus blunting and loss of crypts became obvious. By 120 h crypts were clearly regenerating and villi were beginning to lengthen. Quantitative analysis showed that villus height significantly decreased between 72 and 120 h postinjection but returned to normal by 168 h (Fig. 2A) . This was paralleled by a decline and then return in total villus cell number during the same time span (Fig. 2B) . In contrast, crypt depth did not change in response to Dox treatment until 120 and 168 h postinjection when significant increases were observed ( Fig. 2A) . A concomitant increase in total number of cells per crypt was observed at 168 h postinjection (Fig. 2B) .
Doxorubicin induces changes in proliferation. As measured by the percentage of BrdU-positive cells within crypt epithelium after a 2 h pulse of BrdU, Dox treatment showed minimal effects on DNA synthesis within the first 48 h following injection (Fig. 3A) . Beginning at 72 h, BrdU labeling increased, peaked at 120 h, and returned to baseline by 168 h postinjection (Fig. 3A) . A similar trend was revealed when data were expressed as BrdU-positive cells per crypt (data not shown). In contrast, as seen in Fig. 3B , Dox treatment rapidly altered the number of mitotic figures per crypt with significant decreases seen as early as 6 h following drug administration. In fact, at 6 h we were unable to detect any mitotic figures within the intestinal epithelium (Fig. 3B) . (Fig. 4A) . In contrast, evaluating goblet cells as percent of total cells per half villus demonstrated significant increases compared with control by 72 h and remained elevated out to 168 h after injection (Supplemental Fig. S1A ). Similar data were obtained by staining with PAS (not shown). Paneth cell numbers, as evaluated by H&E staining, were significantly increased above controls at 120 and 168 h postinjection (Fig. 4B) . In contrast, the percentage of Paneth cells per crypt increased as early as 6 h and remained elevated out to 96 h postinjection but was not different from controls at 120 and 168 h (Supplemental Fig.  S1B ). To confirm our observations we performed immunohistochemistry for lysozyme and found similar changes in total Paneth cell number and percentage of Paneth cells (data not shown). Using immunohistochemistry for chromogranin A we observed significant increases in enteroendocrine cell number per crypt between 96 and 120 h following Dox treatment (Fig.   4C) . A similar trend is seen in the percentage of enteroendocrine cells per crypt (Supplemental Fig. S1C ). Very little change in the total number of enteroendocrine cells per villus was observed following Dox treatment with the exception of a significant decrease at 24 h (Fig. 4D) . When expressed as a percentage of total crypt cells, enteroendocrine cells showed an increase at 96 and 120 h after Dox treatment (Supplemental Fig. S1D) .
Dox targets intestinal stem cells. As seen in Fig. 5A , microscopic evaluation of H&E-stained sections revealed that Dox treatment induced 2.9 Ϯ 0.5 apoptotic cells per crypt within 6 h after IP injection compared with 0.11 Ϯ 0.6 apoptotic cell per crypt observed at the 0-h control (a 26-fold increase in apoptosis). By 24 h, the number of apoptotic bodies in crypt epithelium decreased but remained elevated over control levels out to 120 h postinjection (Fig. 5A ). Similar to previous reports by Ijiri and Potten (21), we observed that the majority of Dox-induced apoptosis centered around the three to six cell positions within intestinal crypts (Fig. 5B) , i.e., the putative location of intestinal stem cells. Typical apoptotic bodies are highlighted by arrows in Fig. 5B , inset. We confirmed our results by immunostaining for cleaved caspase-3. Figure 6 contains representative micrographs showing the baseline staining at 0 h, the increase in staining at 6 h, and the return to near-baseline at 168 h after Dox. When graphed, the changes in the number of cells positive for cleaved caspase-3 mirrored the number of apoptotic cells counted by H&E (data not shown).
To assess the behavior of intestinal stem/progenitor cells following the apoptotic insult from Dox, we first used flow cytometry to quantitate the number of CD45(Ϫ) SP cells in jejunal mucosa harvested at various times after Dox treatment. As explained in MATERIALS AND METHODS, the parameter has previously been shown to be an acceptable surrogate for stem cell number (11) . As seen in Fig. 7 , the percentage of CD45(Ϫ) SP cells declined modestly by 24 h then markedly by 72 h (to 10% of the 0 h value). In contrast, by 168 h after injection the percentage of CD45(Ϫ) SP cells was 2.5-fold higher than time 0 (Fig. 7) .
To further document the response of stem/progenitor cells following Dox treatment, we turned to several newly reported markers of these cells. Immunohistochemical evaluation of the putative ϩ4 intestinal stem cell markers ␤-catenin Ser552 and DCAMKL1 revealed significant changes in the expression of both of these antigens (Fig. 8) . As shown in Fig. 8, A and C, the number of ␤-catenin shown in Fig. 8, B and D, the number of DCAMKL1-positive cells was significantly decreased as early as 6 h after Dox treatment and remained decreased throughout the rest of the time course. Of note, the early decrease in DCAMKL1 staining appears to have occurred in a graded manner because the number of DCAMKL1-positive cells is significantly less at 24 h compared with 6 h.
Given the lineage tracing evidence indicating that Lgr5 expressing cells at the crypt base can function as progenitors of all four epithelial lineages (3), it would have been desirable also to stain our sections for this marker. Unfortunately, suitable antibodies for such staining are not currently available. Thus as an alternative approach we utilized Lgr5-lacZ mice to evaluate LacZ expression following Dox treatment. As can be seen in Fig. 9A , blue LacZ staining is present in cells at the base of intestinal crypts. At various times following Dox treatment (6, 24 , and 168 h) Lgr5-lacZ-positive cells remained present in the crypt base. In addition, we prepared RNA from tissue pieces adjacent to those used in Figs. 1-4 and performed real-time quantitative RT-PCR for Lgr5 mRNA. The data are shown in Fig. 9B and demonstrate that Lgr5 expression remained unchanged as far out as 72 h after Dox treatment but decreased by 96 h and remained significantly down out to 168 h. Dox causes crypt loss followed by crypt fission. Further evidence of Dox-induced intestinal stem cell damage was observed as a decrease in the number of surviving crypts following Dox injection (Fig. 10) . By 72 h postinjection, the number of surviving crypts had significantly decreased to ϳ60% of crypt numbers at time 0. Statistically, the number of surviving crypts remained lower than at time 0 from 72 to 168 h postinjection. However, the data show that the number of crypts reached a nadir at 96 h postinjection and began to increase by 120 h.
During periods of rapid expansion of intestinal stem cells, such as during development, following radiation damage, and in response to intestinal resection, new crypts are formed by the process of crypt fission (6, 8, 11, 30) . To assess whether this also occurs during recovery from Dox damage, we determined the percentage of crypt fission occurring in the intestinal mucosa at various times following injection. As can be seen in Fig. 10 , through 96 h postinjection the percentage of crypts undergoing fission remained at ϳ2% of total crypts. After this time, there was a trend toward increasing crypt fission at 120 h and a marked increase in crypt fission up to ϳ14% of total crypts fissioning at 168 h after Dox treatment (Fig. 10 ). An example of a fissioning crypt at 168 h can be seen in Fig. 8A .
DISCUSSION
The propensity for Dox treatment to induce mucositis in the intestine is understood; however, the sequela of cellular and morphological changes in the intestinal mucosa that follow is not clear, particularly with respect to intestinal stem cells. We found that following a single IP dose of Dox (20 mg/kg body wt), apoptosis was induced in the intestinal epithelium within 6 h of exposure, similar to what has been previously reported (21) . On the basis of our data, the events following induction of apoptosis can be generally divided into two phases: 1) the damage phase, which occurs between 0 and 72 h postinjection and is characterized by loss of intestinal stem/progenitor cells leading to villus blunting and loss of crypts; and 2) the repair phase, which occurs between 72 and 168 h postinjection and is characterized by increases in proliferation, intestinal stem cell/ progenitor number, and crypt fission leading to restoration of villus height, crypt depth, and crypt number. The repair phase is also characterized by increases in the numbers and relative proportions of all three members of the secretory lineage of the intestinal epithelium, i.e., goblet, Paneth, and enteroendocrine cells. Since the likely mechanisms and significance of these increases are distinct they will be discussed separately.
Goblet cells on the villi were found to increase in absolute number 168 h after Dox treatment and in the percentage of goblet cells on villi between 72 and 168 h, suggesting that these cells were not lost following Dox treatment. Of note, the latter increase occurred during the repair phase when proliferation was high, crypt and villus size was increasing, and intestinal stem cell numbers were expanding, suggesting preferential allocation to the goblet lineage compared with the dominant absorptive lineage. Although others have reported decreases in goblet cells following intestinal damage (4, 42) , it is clear that expression of goblet cell secretory products is increased following damage (9, 43) and that deficiency of goblet cell secretory products, such as intestinal trefoil factor and Muc 2, results in more severe mucosal damage (4, 10). Our findings in this study are similar to what we observed in the adapting intestine following resection (18) ‡Statistical significance compared with all other time points (P Ͻ 0.05).
normal. Just as for goblet cells, regardless of the mechanism, the maintenance of Paneth cells during damage may play an important role in the process of repair. It is well known that antimicrobial peptides including cryptdins (␣-defensins), lysozyme, secretory phospholipase A2, and matrilysin (MMP-7) are secreted from granules localized to the apical membrane of Paneth cells (27) . Indeed, Paneth cells sense bacteria and release microbicidal secretions into the intestinal lumen upon bacterial stimulation (1), presumably to control the intraluminal bacterial population. Therefore, since others have shown that Dox treatment increases permeability of the intestinal epithelium (40), one plausible role for Paneth cells would be to combat bacterial penetration of the epithelial barrier following Dox treatment. Furthermore, Paneth cells secrete numerous additional products, including TNF-␣ (23), EGF (33), TGF-␤ (38), and granulocyte macrophage colony-stimulating factor (14) , which may play significant roles in the process of epithelial repair.
The potential impact of changes in enteroendocrine cell number and percentage in crypts and villi during epithelial repair following Dox-induced damage is not clear. Radford and Lobachevsky (34) postulate that enteroendocrine cells contribute to maintenance of a quiescent intestinal stem cell niche.
The occurrence of increased enteroendocrine cell number in the crypt at 96 and 120 h following Dox treatment coincides with observed increases in crypt fission and the return of ␤-catenin Ser552 -positive cells. This suggests that perhaps enteroendocrine cells are playing a role in returning the ϩ4 cells to a state of relative quiescence. In contrast, a model put forth by Dubé et al. (13) suggests that enteroendocrine cells influence proliferation in the crypt by activating ␤-catenin signaling. In their model, enteroendocrine cells secrete glucagon-like peptide-2, which binds to receptors on subepithelial myofibroblast stimulating secretion of IGF-I. IGF-I, then, binds to IGF-I receptor on crypt epithelial cells, stimulating proliferation in a ␤-catenin-dependent manner. In either case, the recent findings that CD45(Ϫ) SP cells are enriched for transcripts found in the maturity onset diabetes of the young pathway including Neurog3, NeuroD1, Nkx2-2, Pax4, Pax6, and glucokinase (15) and that Neurog3-positive cells can give rise to all four cell lineages in the small intestinal epithelium (36) suggest that further investigation into the relationship between enteroendocrine cells and intestinal stem cells is needed.
Our data indicate that intestinal stem/progenitor cells are central to the damage induced by Dox treatment and the epithelial repair that follows. Similar to previous studies by Ijiri and Potten (21), we found that induction of apoptosis by Dox localized to the intestinal stem cell zone. The location of the apoptotic response was also similar to what has been reported in the intestine following irradiation (29) . Although there is currently no direct method to quantitate intestinal stem cells, several indirect measurements suggest that intestinal stem/progenitor cells are being lost and regenerated following Dox treatment. FACS analysis for side population cells at 72 h following Dox revealed a marked decrease in CD45-negative SP cells, a population of cells previously shown in our laboratory to be enriched for intestinal stem/progenitor cells (12, 15) . This decrease was mirrored in the loss of intestinal crypts, suggesting the sterilization of many intestinal crypts, as has been reported after irradiation of the intestine (29) . Over time CD45-negative SP cell numbers and crypt numbers increased, correlating with an increase in crypt fission. Together, these data suggest that an expansion of intestinal stem cells occurs as part of the mucosal repair.
Recent work suggests that there may be two populations of intestinal stem cells: the CBCs, which are actively cycling and located at the crypt base among the Paneth cells, and the ϩ4 cells, which are slower cycling, label-retaining cells located at or above cell position 4 relative to the base of the crypt (2, 37) . Two transcripts, Lgr5 and Bmi1, are believed to identify the CBCs and ϩ4 cells, respectively (3, 35) . More recent work has suggested that these two gene products may not clearly delineate the two aforementioned ISC populations since there are cells at the base of the crypt that express both transcripts (41) . A third mRNA transcript, CD133/prominin, is expressed at the base of intestinal crypts in CBC cells that also express Lgr5 mRNA (44) . However, CD133/prominin protein expression is not confined to the base of the crypt (39) . Lineage tracing experiments have shown that CD133-, Lgr5-, and Bmi1-positive cells can contribute to all four epithelial lineages, although in the case of Bmi1 this occurs only in the proximal region of the small intestine (3, 35, 39, 44) . Others have reported that DCAMKL1 and ␤-catenin Ser552 may also be useful markers of ϩ4 intestinal stem cells (16, 25) . It should be noted that the latter have not been definitively proven to be intestinal stem cells markers, and the former have not demonstrated that CBCs and ϩ4 cells are two distinct subpopulations of intestinal stem cells. Nonetheless, all of these markers can be valuable tools for evaluating intestinal stem cells.
Despite the limitations noted above we have attempted to define which population of ISC is initially affected by Dox. On the basis of our studies with Lgr5-lacZ mice, it appears that the number of Lgr5-expressing cells is not affected by Dox treatment; however, Lgr5 mRNA expression decreases during the regenerative phase. These data suggest, then, that Lgr5-positive cells, representing CBCs, are not susceptible to Doxinduced damage, similar to what is reported following irradiation (3, 21, 28) . In contrast, as early as 6 h after Dox we observed decreases in the number of both DCAMKL1 and ␤-catenin Ser552 -positive cells, representing cells at the ϩ4 position, cells that are much more sensitive to irradiation (2, 21, 37) . Together, these data support the idea that the ϩ4 intestinal stem cells are immediately affected by Dox treatment, whereas Fig. 9 . Dox treatment has no effect on LacZ activity but induces changes in mRNA expression of the putative intestinal stem cell marker Lgr5. A: staining for LacZ activity using Lgr5-lacZ mice at 0, 6, 24, and 168 h after Dox treatment demonstrates that there is little change in LacZ activity following damage and during epithelial repair. B: using real-time quantitative RT-PCR we evaluated the changes of gene expression for Lgr5 at 0, 6, 24, 48, 72, 96, 120, and 168 h after Dox treatment (n ϭ 3). *Statistical significance compared with zero-time control (P Ͻ 0.05). the CBC stem cells are resistant. Additional experiments are needed to delineate the molecular basis of this differential sensitivity.
We have also attempted to dissect out which cells in the intestinal stem cell zone are being regenerated in response to Dox-induced damage (i.e., CBC vs. ϩ4). Our data for Lgr5 show that Lgr5-lacZ-expressing cells do not appear to be affected by Dox treatment. Interestingly, Lgr5 mRNA expression is decreased during regeneration. In contrast, we did find that the number of ␤-catenin
Ser552
-positive cells in intestinal crypts increased to near control levels by 96 h after Dox treatment, suggesting that cells at the ϩ4 cell position were being regenerated. However, staining for another putative ϩ4 intestinal stem cell marker, DCAMKL1, showed that DCAMKL1-positive cells were infrequent during regeneration compared with control levels. Until we have a clear understanding of the functions of these putative markers it will be difficult to ascertain how changes in expression or secondary modification (in the case of ␤-catenin
) affect intestinal stem/progenitor cells.
The mechanism by which intestinal stem cell numbers are expanded following Dox-induced damage is unclear. One possibility is that the remaining intestinal stem cells (in particular those in the ϩ4 region) undergo symmetric cell division, effectively increasing the intestinal stem cell number. This increase in stem cell number could then drive the expansion of intestinal crypts by crypt fission. This mechanism is believed to occur during intestinal development (6, 8) and following ileocecal resection in mice (11) . Alternatively, clonogenic cells, which are part of a hierarchy of crypt cells that can replace lost intestinal stem cells (20, 31) , may be recruited following damage. Only one clonogenic cell is needed to regenerate a crypt and to maintain appropriate crypt numbers by replacing lost crypts (29) . Recruitment of these cells may then signal the expansion of crypt numbers. In either case, factors such as Wnts (26) and BMP4 (17) play critical roles in controlling intestinal stem cell expansion and crypt fission. De Koning et al. (9) have recently demonstrated that 7 days after Dox treatment BMP4 expression is decreased, possibly allowing for an increase in crypt fission.
In summary, the response of the intestinal mucosa following Dox treatment can be divided into two phases, the damage phase and the repair phase. The damage phase is characterized by induction of apoptosis, which leads to a destruction of the normal mucosal architecture and a loss of intestinal stem cells. In contrast, the repair phase is characterized by an expansion of intestinal stem cell numbers occurring concomitant with an increase in crypt fission. During this phase there is also increased secretory lineage allocation. Secretions from these cells are likely to play critical roles in the process of epithelial repair, which deserves further study. Evidence to date suggests that both the loss of stem/progenitor cells as well as the subsequent expansion primarily involves cells from the ϩ4 region of the crypt. Additional research is needed to fully elucidate the mechanisms that drive intestinal stem cell expansion. Understanding the mechanisms that control these stem cell responses could provide us with potentially valuable treatments for chemotherapy-induced mucositis as well as a better understanding of intestinal stem cell biology.
